The bacterium Photorhabdus establishes a highly specific association with Heterorhabditis, its nematode host. Photorhabdus strains associated with Heterorhabditis bacteriophora or Heterorhabditis megidis were compared using a Photorhabdus DNA microarray. We describe 31 regions belonging to the Photorhabdus flexible gene pool. Distribution analysis of regions among the Photorhabdus genus identified loci possibly involved in nematode specificity.
The bacterium Photorhabdus establishes a highly specific association with Heterorhabditis, its nematode host. Photorhabdus strains associated with Heterorhabditis bacteriophora or Heterorhabditis megidis were compared using a Photorhabdus DNA microarray. We describe 31 regions belonging to the Photorhabdus flexible gene pool. Distribution analysis of regions among the Photorhabdus genus identified loci possibly involved in nematode specificity.
Photorhabdus is an entomopathogenic gram-negative bacterium belonging to the Enterobacteriaceae. Both Photorhabdus luminescens and Photorhabdus temperata species are symbionts of entomopathogenic Heterorhabditis nematodes (7) . Bacterial and nematode taxonomic data reveal a highly specific association between bacterial strains and nematode species. A recently described species, Photorhabdus asymbiotica, was never found to be associated with nematodes but was isolated from human infections (3, 12, 15, 22) . Although a few studies have identified several Photorhabdus genes that are required for normal growth and development of the nematode (5, 6, 9, 19, 29) , we have little molecular and functional data about the first step of nematode colonization and nematode specificity.
The genome sequence of P. luminescens subsp. luminescens strain TT01 revealed a high number of genes encoding proteins potentially involved in host-bacterium interaction (10) . This genome also showed an impressive number of mobile or repeated genetic elements (phage remnants, IS, transposons, ERIC elements, and overrepresented families of paralogs). Furthermore, 32 genomic islands (GI) were predicted on the basis of in silico features.
The goal of this project was to identify bacterial genomic regions that are possibly involved in nematode specificity. The genomes of two strains harbored by two nematode species, P. luminescens subsp. laumondii TT01, associated with Heterorhabditis bacteriophora, and P. temperata subsp. temperata XlNach, associated with H. megidis, were compared using a Photorhabdus TT01 DNA microarray. Since the TT01 and XlNach strains belonged to different species, genomic differences could depend on the taxonomic difference. In order to avoid this bias, the microarray comparison was also performed between TT01 and the P. temperata C1 strain, which was isolated from an H. bacteriophora nematode (20, 23) . The genomic regions present in both TT01 and C1 but that were missing in XlNach were considered potentially specific to strains associated with H. bacteriophora. Photorhabdus strains were stored at Ϫ80°C and grown in Luria-Bertani broth or on 1.5% nutrient agar (Difco) at 28°C. Genomic DNA (gDNA) was extracted according to the method of Brenner et al. (8) and stored at 4°C.
The Photorhabdus DNA microarray used in this study is representative of 4,144 genes out of the 4,909 predicted genes of the P. luminescens strain TT01 chromosomal sequence (accession number NC_005126). Paralogous genes (mainly IS and putative phages) were excluded. Primers were designed by use of a modified version of Primer 3 software (CAAT-Box [14] ) to amplify specific fragments (300 to 600 bp). Probes were amplified with Titanium DNA polymerase (Clontech) from 30 ng of P. luminescens TT01 gDNA and purified on Multiscreen PCR filter plates (Millipore), and the probes' concentrations were adjusted to 30 ng/l in 50% dimethyl sulfoxide. Quality and quantity of the final matrix were checked by gel electrophoresis of the amplified probes and sequencing of 96 randomly chosen amplified probes. Using the GenIII Amersham spotter, two replicates of each probe were spotted at different locations on glass slides (Microarray Type7 Star; Amersham). In each spotting replicate, 4,144 spots were gene probes, 100 were controls, and the remaining 364 were empty. The controls were composed of DNA from salmon sperm or Xenorhabdus and Photorhabdus genome or of housekeeping genes from Arabidopsis, rat, or Photorhabdus.
For the hybridization experiment, gDNA (1 g) was labeled with Cy3 or Cy5 according to the Bioprime kit protocol (Invitrogen) except that the 10ϫ deoxynucleoside triphosphate mixture was replaced by dATP, dGTP, dTTP (final, 0.12 mM; Promega), dCTP (0.06 mM; Promega), and Cy3-or Cy5-dCTP (0.02 mM; Amersham). Labeled gDNA was purified through . Microarray slides were prehybridized for 1 h at 42°C in the saturation buffer (5ϫ SSC, 0.1% bovine serum albumin, 0.1% SDS), rinsed under a continuous flow of deionized water, and, after a rapid isopropanol bath, blow dried using compressed gas. Hybridization was performed at 42°C for 12 h in an Amersham automated slide processor chamber. The microarrays were washed for 10 min in water, for 4 min in 1ϫ SSC, 0.2% SDS, and four additional minutes in 0.1 ϫ SSC, 0.2% SDS. Microarray slides were briefly washed in isopropanol, air dried, and scanned for fluorescence intensity by using an Amersham scanner. One microarray comparison (TT01 versus XlNach or TT01 versus C1) included four slides with two dye-flipped replicates. Each slide contained two spotting replicates that were scanned in two sets of measurements. Therefore, we treated the eight sets of measurements as separate slides. The signal intensity of each spot in the microarray was quantified by using Arrayvision software (Amersham). Subsequent analysis was conducted by using Microsoft Excel software. Global normalization (using the global median) was applied on the data without background correction (11, 21) . Since the different controls used on each slide demonstrate good quality for spotting and hybridization, we did not use statistical analysis. For each open reading frame tested, the median from the eight normalized values was calculated and used for determining Xlnach/TT01 or CI/ TT01 ratios.
Ratios from 7.61 to 0.29 were obtained. In order to determine the ratio threshold that indicates the TT01 gene was missing in XlNach or C1, we selected regions of the XlNach or C1 strain, amplified them with the Herculase enhanced DNA polymerase (Stratagene), and sequenced them at MilleGen (Toulouse, France). Then, 24 genes with ratios ranging between 0.4 and 1.5 were randomly selected. When ratios were equal to or smaller than 0.6, genes had less than 20% identity with the probe spotted on the microarray. When ratios were equal to or higher than 0.98, genes had more than 70% identity with the probe spotted on the microarray. For ratios between 0.7 and 0.97, the identity percentage was variable. Therefore, we fixed the ratio threshold for missing genes to 0.6. According to this criterion, 449 (10.5%) and 357 (8.5%) of the TT01 genes present on the DNA microarray were missing in XlNach and C1, respectively. In the XlNach strain, no large regions, such as canonic genomic islands, were absent relative to the reference strain TT01. Then, we searched for regions containing at least three contiguous genes missing from the XlNach genome that represent at least 50% of the TT01 genomic region. Thirty-one regions missing from XlNach were identified (Table 1) . Genes contained in these regions mainly belong to the following putative functional classes: phage remnants, pilus biosynthesis, antibiotic biosynthesis, insecticidal toxins, iron uptake, and amino acid metabolism. Among the 31 regions missing from XlNach, only 8 were present in C1 (bold type in Table 1 ). Therefore, these eight regions may potentially be involved in H. bacteriophora interaction. Note that our DNA microarray analysis led to the identification of part of the flexible gene pool of Photorhabdus strains (17) . Indeed, 29 of the regions missing from XlNach fit with in silico predicted mobile regions. Thirteen regions were or belonged to previously described GIs (10) . Furthermore, using the Microbial Genome Annotation System (http://www.genoscope.cns.fr/agc/mage/wwwpkgdb/), 16 regions matched with enterobacterial variable regions (EVRs). The EVRs were gene blocks that were inserted at the location of synteny rupture in the enterobacterial core genome. Their sizes (3 to 62 kb) and their rich content in mobile elements evoked the Yersinia "difference regions," which belong to the intra-and interspecific Yersinia flexible gene pool (18, 25) .
Since nematodes are not able to grow on lawns of clinical strains (12), we assume that regions involved in nematode colonization are absent from clinical strain genomes. P. asymbiotica US3105-77, a clinical strain, is being sequenced (http: //www.sanger.ac.uk/Projects/P_asymbiotica/). Using the BLASTP algorithm available from this site, we examined the presence of the eight regions possibly involved in H. bacteriophora interaction. Loci 3, 4, and 12 and the putative phage module of locus 5 were present in the clinical strain. Therefore, these loci are likely not involved in bacterial interaction with H. bacteriophora.
To further test the correlation between the TT01-and C1-specific regions and the interaction with H. bacteriophora, we studied the distribution of the putative pilus module of locus 5 (matching with a previously described GI), loci 15 and 26 (matching with EVRs), and locus 17 (not matching with any GI or EVR) in 14 Photorhabdus strains representative of the genus (Table 2) by PCR amplification. Primers were designed in flanking borders of the loci (primer sequences can be sent to readers upon request). gDNAs were amplified with the Herculase enhanced DNA polymerase (Stratagene). PCR products were analyzed by electrophoresis in 0.5% agarose gels (Table 3) . When amplification succeeded, the PCR fragments were of various sizes. The amplification sizes of loci 5, 15, and 26 were not clearly correlated with the nematode host species. By contrast, locus 6 had a homogeneous size (5.2 kb) in bacteria carried by H. bacteriophora, Heterorhabditis indica, or a Heterorhabditis sp., whereas the fragment sizes were smaller than 1.1 kb in strains harbored by H. megidis or clinical strains. It is noteworthy that, except for locus 6, P. temperata gDNA was never amplified, suggesting a divergent core genome in this species. Locus 6 is similar to the Salmonella enterica serovar Typhimurium and Escherichia coli lsr region, which encodes an inner ABC transporter and a cytoplasmic phosphorylation-processing system of the autoinducer AI-2, involved in quorum sensing (27, 28, 30) . In order to check the previous data, PCR products of locus 6 were purified by using the Montage PCR kit (Millipore) and sequenced with PCR primers at MilleGen (Toulouse, France). We also added for comparison the lsr-like locus of Xenorhabdus bovienii and Xenorhabdus nematophila ATCC 19061 (http://xenorhabdus.danforthcenter.org/), a genus closely related to Photorhabdus (7) . Multiple alignments were performed with the ClustalW program (http://searchlauncher.bcm.tmc.edu /multi-align/multi-align.html). The lsr locus was similar in TT01, Hb, and C1, three bacterial strain carried by H. bacteriophora (Fig. 1) . In the US3105-77, AU9802397, and XlNach strains and in Xenorhabdus strains, the lsrA, lsrD, lsrC, and lsrB genes were missing. Furthermore, various lsrA, lsrB, and lsrR remnants were observed, showing that the lsr locus underwent independent deletions in these latter strains. Therefore, the lsr locus is an ancestral locus in the Photorhabdus and Xenorhabdus strains. The bacterial association with H. bacteriophora is possibly a selective pressure for the conservation of the lsr locus, whereas association with other nematode hosts leads to lsr locus loss by genomic decay.
Taken together, these data suggest that the lsr locus is possibly involved in the specific interaction with H. bacteriophora. In S. enterica serovar Typhimurium and E. coli, it was suggested that the Lsr transporter has a role in removing the AI-2 signal from the external environment in order to terminate cell-cell signaling (27, 28, 30) . In nematode interaction, the termination of cell-cell signaling could be an important signal that allows a bacterial physiological shift, for example, in the insect cadaver, when bacteria recolonize the nematode intestinal tract.
In summary, this work shows that the DNA microarray is a powerful tool for selecting some genes or genomic regions potentially involved in bacterium-host interaction. Additionally, this study allowed the identification of a part of the flexible gene pool within the Photorhabdus genus.
Nucleotide sequences accession numbers. Sequences of PCR products of Photorhabdus locus 6 have been deposited in EMBL under accession numbers AJ967010, AM039953, AJ966980, AJ966979, and AJ967009.
